INTRODUCTION {#Sec1}
============

The stratum corneum (SC) is the skin\'s outermost layer and it is generally recognized to be the major barrier to the permeation of drugs applied topically. SC is composed of keratinocytes embedded in a complex extracellular lipid mixture, containing ceramides (45--50%), cholesterol (25%), free fatty acids (10--15%) and some other lipids such as cholesterol sulfate, highly organized as gel phase membrane domains ([@CR1]).

The biggest challenge in transdermal drug delivery is to reversibly alter the barrier properties of the SC and, therefore, increase the transport of drugs across the skin. Such compounds are generally known as chemical penetration enhancers (CPE) and have different mechanisms of action, which include increasing the partition of the drugs to the skin or their diffusion rates in the SC ([@CR2]--[@CR4]).

According to Fick\'s law of diffusion (Eq. [1](#Equ1){ref-type=""})$$\documentclass[12pt]{minimal}
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                \begin{document}$$ J=\frac{D\;{C}_0P}{h} $$\end{document}$$where *J* is the steady-state flux, *D* is the diffusion coefficient of the drug in the SC, *h* is the diffusional path length or, in this case, the membrane thickness, *P* is the partition coefficient, and *C*~0~ is the drug concentration applied, a combination of enhancement effects on diffusivity and partitioning may result in an enhancement effect. Synergistic effects have been verified for many combinations, including Azone and propylene glycol ([@CR5]).

Surfactants comprise a broad class of compounds with surface-active properties, and consequently have a great potential to be used as permeation enhancers. Surfactants are often employed in transdermal formulations to increase the permeation of drug molecules across the skin. At concentrations below the critical micelle concentration (*cmc*), surfactants exist free in solution, and the effects of increasing skin permeability are generally ascribed to the ability of surfactant molecules to penetrate in the hydrophobic domains of the SC, therefore increasing the fluidity of the lipid structures ([@CR6]). The major concerns about the use of surfactants in transdermal drug delivery are associated with the possibility of local irritation, erythema, itching, and the time required for adequate skin recovery, as well as problems related with the transport into the systemic circulation ([@CR7]--[@CR9]).

Despite the fact that cationic surfactants are reputedly at least as irritating as anionic ones, they are used in cosmetic formulations and have been reported to possess antibacterial properties ([@CR10],[@CR11]). The potential of some alkyl surfactants to act as chemical permeation enhancers for various drugs have been studied and reported in the literature ([@CR6],[@CR12]--[@CR15]). Some studies have focused on the influence of the alkyl chain length on the potency of the surfactants as chemical permeation enhancers. The highest enhancer activity was found for surfactants with C~12~ alkyl chains ([@CR16]).

Unlike conventional surfactants that are composed of a single hydrophobic tail connected to a polar head group, gemini (or dimeric) surfactants structurally consist of at least two hydrophobic tails and two hydrophilic head groups covalently linked by a spacer group ([@CR17],[@CR18]). The chemical structure of the spacer and head groups may vary, resulting in compounds with different physico-chemical properties. The spacer can be as short as two methylene groups or long (12 methylene groups), rigid (stylbene) or flexible (methylene chain), polar (polyether) or nonpolar (polyether sugar). Also, the polar head group can be positive (*e*.*g*. ammonium as in the compounds reported in this study), negative (phosphate, sulfate) or nonionic (aliphatic or aromatic) ([@CR18],[@CR19]).

Gemini surfactants are typically micelle-forming surfactants that are reportedly more efficient in lowering the surface tension and have considerably lower *cmc* values than the corresponding single chain surfactants at the same temperature, generally by one order of magnitude or more. These interfacial properties are attributed to the higher hydrophobicity of the gemini compared to their single chain homologues; furthermore, it is observed that for a series of *n*--*s*--*n* compounds, those properties are non-monotonically influenced by the spacer length, *s* ([@CR11],[@CR20]). In what concerns to skin penetration enhancement of drugs, the improved interfacial properties may result in an efficient penetration enhancement using lower molar concentrations, therefore reducing the undesired irritancy or toxic effects on the skin. In addition, alkylammonium cationic gemini surfactants similar to those used in the present study have been reported to significantly interact with lipid membranes. It was reported that the presence of these compounds decreased the degree of organization of dipalmitoylphosphatidylcholine bilayers. The effect on the liposomes was found to be dependent on the spacer length, with the vertical positioning of gemini molecules inside the bilayer being governed by the hydrophobic effect upon the spacer ([@CR21]).

The objective of this study is to evaluate the potential of a series of cationic C~12~-alkylammonium gemini surfactants as CPE for various model drugs across porcine skin, following a methodology identical to that used in a previous work of the authors ([@CR22]). These compounds consist of dimethylene-1,2-*bis*(dodecyldimethylammonium bromide), hexamethylene-1,2-*bis*(dodecyldimethylammonium bromide) and decamethylene-1,2-*bis*(dodecyldimethylammonium bromide), respectively, referred in this manuscript as G12-2-12, G12-6-12, and G12-10-12.

In spite of the fact that literature is abundant with studies that assess skin permeation enhancing by a variety of compounds, systematic approaches relating to structure and enhancing efficiency are rare. In this work, different spacer lengths were chosen, implying different *cmc* values and different hydrophobicity of the compounds. Single chain alkylammonium surfactant dodecyltrimethylammonium bromide (DTAB) and Azone, a well-known CPE ([@CR16],[@CR23]--[@CR28]), both having C~12~-akyl chains in their structures, were also used in this study, for comparative purposes (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Molecular structures of the chemical permeation enhancers used in this work (G12-2-12, G12-6-12, G12-10-12, DTAB, and Azone)

The variations imposed on the CPE are combined with the use of drugs with distinct physico-chemical properties: lidocaine HCl, positively charged; caffeine (non-ionized and hydrophilic) and ketoprofen (non-ionized and hydrophobic).

Additionally, the effects on the skin structure of the CPE and methodology employed was studied using light microscopy and scanning electron microscopy (SEM). The cytotoxicity of all compounds was also assessed and discussed. These studies were performed in cultured human epidermal keratinocytes (HEK) and in human dermal fibroblasts (HDF).

EXPERIMENTAL SECTION {#Sec2}
====================

Materials {#Sec3}
---------

Hydroxypropylmethyl cellulose (HPMC K15M) was a kind gift from Dow Chemical Company (USA). Lidocaine hydrochloride monohydrate, ketoprofen, caffeine, and DTAB (BioXtra, ≈99%), propylene glycol (PG) (Reagent Plus, 99%) were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Azone was synthesized at the New Jersey Center for Biomaterials, Rutgers, The State University of New Jersey (Piscataway, NJ, USA). The three cationic gemini surfactants used in this study (Fig. [1](#Fig1){ref-type="fig"}), alkylene bis(dodecyldimethylammonium bromide), 12-s-12 for s = 2, 6, and 10, namely dimethylene-1,2- bis (dodecyldimethylammonium bromide), hexamethylene-1,2- bis (dodecyldimethylammonium bromide) and decamethylene-1,2- bis (dodecyldimethylammonium bromide), were synthesized and purified in the Department of Chemistry and Biochemistry, University of Porto, according to the method of Menger ([@CR17],[@CR29],[@CR30]). The purity of the compounds was ascertained by NMR, differential scanning calorimetry and determination of *cmc* by surface tension. The values obtained for *cmc* were 0.85, 0.96, and 0.40 mM for G12-2-12, G12-6-12 and G12-10-12, respectively, all in good agreement with previously reported values ([@CR31]). Furthermore, no dips near the *cmc* break were found in the surface tension *vs*. concentration plots, further confirming that surface-active impurities are absent. Phosphate buffer saline (PBS) tablets were purchased from TIC Gums (Belcamp, MD, USA). Formalin 10% was purchased from Fisher Scientific, Inc. (Torrance, CA, USA). CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega Corp (Madison, WI, USA). Tissue-Tek® O.C.T™ Compound was purchased from Sakura Finetek USA, Inc. (Agawam, MA, USA). Porcine skin tissue was obtained from the back of young Yorkshire pigs (26.5--28 kg, UMDNJ, Newark, NJ). HEK and HDF were purchased from Invitrogen™ (Carlsbad, CA, USA).

Hydrogel Composition and Preparation {#Sec4}
------------------------------------

Drug-loaded HPMC hydrogels were prepared as follows. Lidocaine HCl hydrogel contained 2.5% (*w*/*w*) lidocaine HCl, 1% (*w*/*w*) HPMC K15M and deionized water. Caffeine hydrogel was composed of 1.5% caffeine, 1% (*w*/*w*) HPMC K15M and deionized water. Ketoprofen hydrogel contained 5% (*w*/*w*) ketoprofen, 1% (*w*/*w*) HPMC dissolved in a mixture of PG/water 80:20.

Porcine Skin Preparation {#Sec5}
------------------------

Porcine skin was excised and dermatomed using a Padgett® Model B Electric Dermatome (Integra LifeSciences, Plainsboro, NJ) with 650--750 μm thickness and stored at −80°C. Before the experiments, skin samples were thawed at room temperature, before immersion in PBS (pH = 7.4) for 1 h, for equilibration.

Composition and Preparation of the Enhancer Solutions {#Sec6}
-----------------------------------------------------

The enhancer solutions were prepared at a concentration of 0.16 M in PG. All compounds were soluble in PG at the concentration used, and produced clear solutions.

Drug Delivery Studies {#Sec7}
---------------------

*In vitro* permeation studies were performed over 24 h using vertical Franz diffusion cells (PermeGear, Inc., PA, USA) with a diffusion area of 0.64 cm^2^ and a receptor compartment of 5.1 mL filled with PBS solution (pH = 7.4). The receptor medium was maintained at 37°C ± 0.1 and stirred during the permeation experiments. Drug-loaded hydrogel (0.3 mL) was placed in each donor compartment and immediately covered with Parafilm®, preventing evaporation. Dermatomed porcine skin samples with a thickness of approximately 0.8 mm were used as a membrane. At predetermined time points, namely 0, 4, 8, 12, 16, 20, 22, and 24 h, 300 μL samples were collected from the receptor compartment and immediately replaced with 300 μL of new PBS solution. The samples were kept in the refrigerator prior to HPLC analysis. Before initiating the *in vitro* permeation experiments, all the skin samples, except the control, were pretreated with 60 μL of the various enhancer solutions, for 1 h. The time at zero, *t* = 0, corresponds to the instant of application of the drug-loaded hydrogel in the donor compartment. The sample concentrations were corrected to account for drug taken out at each sample point.

Drug Quantification {#Sec8}
-------------------

All samples were analyzed using HPLC. The system consisted of an Agilent HP 1100 series with an autosampler, equipped with a quaternary pump and a VMD detector and an Agilent ChemStation. The quantification of lidocaine hydrochloride was carried out using a reverse-phase Nova-Pak® C18 Column (4-mm pore size, 3.9 × 300 mm---Waters, Milford, MA, USA) with a guard column as the stationary phase. The mobile phase was prepared by mixing 50 mL of glacial acetic acid to 930 mL of water followed by adjusting the pH to 3.40 with a solution of 1-M NaOH. Later, four volumes of the previous solution were mixed with one volume of acetonitrile. The flow rate was set to 1.1 mL/min and the injection volume was 20 μL. Lidocaine hydrochloride was detected at 254 nm and the retention time was ca. 4.5 min. The method showed a linear response in the 0.025--1.0 mg/mL (*R*^2^ = 0.9998) with a daily relative standard deviation (RSD) \< ±3.0%. A reverse-phase C~18~ column (150 × 4.6 mm C18 ([@CR2]) 100 A Luna 5 μm, Phenomenex®) with a guard column was the stationary phase for the caffeine assay, at 25°C. The mobile phase consisted of a mixture of 15% acetonitrile and 85% of a solution of 0.1% H~3~PO~4~ in water. The flow rate was set to 1.0 mL/min and the injection volume was 20 μL. Caffeine was detected at 273 nm and the retention time was ca. 4 min. The method showed a linear response in the 0.01--500 mg/mL range (*R*^2^ = 0.9973) with a daily RSD \< ±3.0%. Ketoprofen was detected at 256 nm using a reverse-phase C~18~ column (150 × 4.6 mm C18 ([@CR2]) 100 A Luna 5 μm, Phenomenex®) with a guard column as the stationary phase at 25°C. The mobile phase consisted of a mixture of 45% of a 0.1% solution of H~3~PO~4~ and 55% acetonitrile. The flow rate was set to 1.0 mL/min and the injection volume was 20 μL. In these conditions, the method exhibited a linear response between 0.01--100 mg/mL (*R*^2^ = 1.0000), and the retention time was close to 4 min with a daily RSD \< ±3.0%.

Data Analysis in the Permeation Studies {#Sec9}
---------------------------------------

The steady flux at time *t* (*J*, μg cm^−2^) was calculated from the slope of the linear portion of the plot of the cumulative drug amount permeated *vs* time. *Q*~24~ refers to the cumulative drug amount present in the receptor compartment solution after 24 h of permeation experiment. The enhancement ratio (ER) for flux was calculated using$$\documentclass[12pt]{minimal}
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Results are presented as mean ± standard deviation (SD) (*N*), where *N* is the number of replicates. Flux values were examined for significance using unpaired Student\'s *t* test. The *p* value was set to 0.05, meaning that for *p* \< 0.05, there was statistically significant difference between the control and the enhancers tested.

Skin Integrity Evaluation {#Sec10}
-------------------------

Skin samples used in the permeation studies were subsequently rinsed with deionized water, dried and stored at −80°C. These samples were later investigated for the occurrence of morphological changes caused by the CPE and methodology employed.

### *Histology*---*Light Microscopy Studies* {#Sec11}

Skin samples used in the permeation studies were sectioned and fixed using 10% buffered formalin for 24 h at room temperature. Skin samples were dehydrated, embedded in Tissue-Tek® O.C.T. compound and frozen ([@CR32]). Cross-section slices of 7 μm thickness were obtained using a microtome (Leica Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, USA) and stained following the Ellis Hematoxylin and Eosin (H&E) staining protocol ([@CR33]).

The stained slices were analyzed using a Nikon Eclipse E 800 light microscope (Micro Optics, Cedar Knolls, NJ, USA) at ×10, ×20, and ×40. A Nikon Digital Camera (Model DXM 1200) was used to capture images. Images were processed using SPOT TM Imaging Software, Version 5.0 (Diagnostic Instrument, Inc., Sterling Heights, MI, USA).

### *Scanning Electron Microscopy Studies* {#Sec12}

Skin samples were submerged in Tissue-Tek® O.C.T. Compound and frozen. Cross-sectional slices of the frozen samples were prepared (10-μm thickness) using a microtome (Leica Model CM 1850, Leica Microsystems, Inc. Bannockburn, IL, USA). The samples were defrosted and fixed using 4% formaldehyde for 1.5 h. Subsequently, skin samples were rinsed and placed in deionized water, at room temperature for 2 h and dehydrated. The dehydrated samples were dried with a critical-point drier (model CPD 020) and coated with gold. Surface and cross-sections pictures of the samples were taken using Scanning Electron Microscopy (SEM - model AMARY-18301).

Cytotoxicity Studies---MTT/MTS Assay {#Sec13}
------------------------------------

MTT/MTS assays are a colorimetric method used to determine the number of viable cells in cytotoxicity assays, widely reported in the literature for similar systems ([@CR34]--[@CR37]). MTS reagent (CellTiter 96® AQueous One Solution Reagent) contains a tetrazolium compound \[(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt\] which is converted by mitochondrial dehydrogenase enzymes of living cells into a colored formazan compound. The number of viable cells is directly proportional to the quantity of formazan product formed as measured by the absorbance at 490 nm (Promega Corp. Protocol, 2009). The levels of formazan formed were quantified using a Microplate Power Wave X Scanning Spectrophotometer (Bio-TEK Instruments, Inc. Winooski, VT, USA).

Cytotoxicity studies were carried out both in cultured HEK and in HDF seeded at 8,000 cells/well in 96-well plates under sterile conditions. The objective was to evaluate the toxic effects of the CPE on these types of skin cells, establishing a concentration-toxicity response. HEK were seeded in 100 μL/well of Epilife® (MEPI 500CA) medium supplemented with gentamicin (Gibco®), human keratinocyte growth supplement (Gibco®) and were incubating for 24 h at 37°C, 5% CO~2,~ and 90% R.H. HDF were seeded in 100 μL/well of GIBCO®- Dulbecco\'s Modified Eagle Medium with 100 IU/mL penicillin, 100 IU/mL streptomycin, and 10% fetal bovine serum. All the media and biological reagents were purchased directly from Invitrogen™, Inc. (Carlsbad, CA, USA).

After seeding, the culture medium was removed and cells were exposed to medium (control), PG, and various concentrations (S1-160, S2-16, S3-1.6, S4-0.16, S5-0.016 μM) of Azone and cationic gemini surfactants solutions in PG, subsequently diluted in culture medium and placed in the incubator for an additional period of 24 h in the same environmental conditions. After exposure, testing solutions were removed and replaced by a pre-mixed solution of MTS reagent (CellTiter 96® AQueous One Solution) and appropriate medium (Promega Corp. Protocol, 2009), and were returned to the incubator for 2 h. The 96-well plates were read at 490 nm using a plate reader (Microplate Power Wave X Scanning Spectrophotometer---Bio-TEK Instruments, Inc. Winooski, VT, USA).

Results are presented as percent cell viability (mean ± standard deviation, *N* = 6), *C.V*., after background absorbance (abs), determined from "no cell" control wells was subtracted, according to Eq. [3](#Equ3){ref-type=""}.$$\documentclass[12pt]{minimal}
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RESULTS AND DISCUSSION {#Sec14}
======================

*In Vitro* Permeation Studies: Transdermal Delivery of Lidocaine Hydrochloride, Caffeine, and Ketoprofen {#Sec15}
--------------------------------------------------------------------------------------------------------

As described in the experimental section, three gemini C~12~ surfactants, DTAB, and Azone were dissolved in PG at a concentration of 0.16 M. The enhancer solutions were applied to the epidermal side of dermatomed porcine skin placed between the donor and receptor compartments of Franz diffusion cells for 1 h prior to the application of the lidocaine HCl loaded hydrogels. The results obtained are presented in Table [I](#Tab1){ref-type="table"}.Table IEffect of the Chemical Permeation Enhancers on Percutaneous Permeation of Lidocaine HCl, Caffeine, and Ketoprofen Across Porcine Skin. Data are Presented as Means ± S.D. (3 ≤ *N* ≤ 6)DrugPenetration modifierFlux/μg cm^−2^ h^−1^Q~24~/μg cm^−2^ERLidocaine HClControl (drug-loaded hydrogel only)1.5 ± 0.531.6 ± 12.3--PG3.2 ± 2.273.8 ± 48.12.20.16 M G12-2-12 in PG\*4.0 ± 1.383.3 ± 27.72.70.16 M G12-6-12 in PG\*7.6 ± 3.6156.5 ± 80.15.10.16 M G12-10-12 in PG\*5.8 ± 1.7138.1 ± 31.23.90.16 M Azone in PG\*5.1 ± 2.2113.9 ± 52.73.40.16 M DTAB in PG\*5.5 ± 0.898.6 ± 15.13.7CaffeineControl (drug-loaded hydrogel only)4.5 ± 1.099.7 ± 21.3--Propylene glycol (PG)\*1.9 ± 0.535.3 ± 7.50.40.16 M G12-2-12 in PG\*10.9 ± 2.6226.9 ± 58.82.40.16 M G12-6-12 in PG\*8.2 ± 2.2162.7 ± 35.41.80.16 M G12-10-12 in PG6.1 ± 2.1127.9 ± 46.11.30.16 M Azone in PG5.7 ± 2.3118.1 ± 45.71.30.16 M DTAB in PG\*10.5 ± 3.4208.8 ± 62.02.3KetoprofenControl (drug-loaded hydrogel only)2.4 ± 0.548.7 ± 11.0--0.16 M G12-2-12 in PG\*5.3 ± 2.2110.2 ± 48.02.20.16 M G12-6-12 in PG2.4 ± 0.249.1 ± 5.61.00.16 M G12-10-12 in PG3.3 ± 1.065.5 ± 20.71.30.16 M Azone in PG\*6.6 ± 1.0138.4 ± 22.12.70.16 M DTAB in PG3.4 ± 1.167.3 ± 21.91.4*ER* enhancement ratio, *PG* propylene glycol, *DTAB* dodecyltrimethylammonium bromide\*Statistically significant difference between enhancer and control, at *p* \< 0.05 (Student\'s *t* test)

The use of all three gemini surfactants tested, DTAB, and Azone solutions resulted in a statistically significant increase (*p* \< 0.05) of lidocaine HCl permeation, when compared to control. G12-6-12 was shown to be the most effective permeation enhancer resulting in a fivefold increase of the ER, followed by G12-10-12 (ER = 3.9), DTAB (ER = 3.7), and Azone (ER = 3.4). In contrast, PG and the gemini surfactant with the shorter spacer (G12-2-12) showed poor performance.

Caffeine is a nonionic hydrophilic compound. The results obtained with this agent (see Table [I](#Tab1){ref-type="table"}) and show that PG significantly decreased the amount of drug permeated, to approximately one half compared to the control. In contrast, gemini surfactants G12-2-12 and G12-6-12 and DTAB significantly increased the caffeine permeated after 24 h by approximately twofold. Surprisingly, Azone had a modest performance in terms of penetration enhancement, causing only a slight increase of caffeine permeated, with a value that is not statistically different from control.

Permeation experiments using ketoprofen as model drug were slightly different from those of lidocaine HCl and caffeine. Unlike in the case of the previous drug-loaded hydrogels, PG was directly incorporated in the hydrogel formulation due to low solubility (51 mg/L) of ketoprofen in water-based vehicles and, for this reason, was not tested as CPE separately. Permeation data (presented in Table [I](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}-c) shows that Azone and Gemini G12-2-12 were the most effective CPE with 2.7 and 2.2 enhancement ratios, respectively, and the only CPE tested that proved to be statistically different from the control.Fig. 2Cumulative amount of lidocaine HCl (**a**), caffeine (**b**), and ketoprofen (**c**) permeated across porcine skin as a function of time. Skin was pretreated for 1 h with enhancer solutions in PG, prior the start of the permeation experiments

Gemini G12-10-12 (ER = 1.3) and DTAB (ER = 1.4) caused a mild increase in the ketoprofen permeated, while the use of gemini G12-6-12 resulted in the same amount of ketoprofen permeated as control.

### *Overview and Comparison* {#Sec16}

This work indicates that the most effective gemini are those with shorter or intermediate spacer lengths. In the case of lidocaine HCl, the maximum ER was found with a spacer of six carbons (G12-6-12, ER = 5.1), and the CPE with the shorter spacer (G12-2-12) was the least effective. However, as the hydrophobicity of the drug increases, the trend changes; in the case of caffeine and ketoprofen, G12-2-12 was clearly the most effective CPE accounting for a 2.5-fold and 2.2-fold increase in the flux, respectively. In studies with caffeine, the effect of G12-6-12 was still significant (ER = 1.8) while that of G12-10-12 was found negligible. Also negligible were the effects of both G12-6-12 and G12-10-12 in the case of ketoprofen.

The results obtained indicate that the effect of CPE is especially important in cases where the drug is clearly hydrophilic, decreasing as the hydrophobicity of the drug increases. This trend parallels with a previous work in which terpenes were used as CPE for drugs with different hydrophobicities ([@CR38]).

Recent studies on the effect of gemini surfactants on lipid bilayers show that gemini molecules with tails containing 12 carbons are effective in inducing a decrease in the overall order of the bilayers due to an interplay of effects ([@CR21]). It is well-known that the interfacial and self-assembling properties of G12-s-12 gemini surfactants are determined by spacer length in a subtle way ([@CR39]). The existence of an optimal spacer (and thus charge-to-charge) distance in the interaction of gemini with other molecules has been reported before, for example in gemini--polyelectrolyte mixtures ([@CR40]). It was found that the longer spacers tend to bend towards the inside of the bilayers, just as in neat micelles and at air--water interface, which may explain, as a first approach, the similitude of action found in the present work between G12-6-12 and G12-10-12. In contrast, the short-spacer gemini seems to be the most efficient enhancer for caffeine and ketoprofen. Even though these drugs are uncharged, here, we cannot discard the presence of electrostatic effects (albeit weak) promoting the enhancement, since caffeine is a relatively polar molecule and ketoprofen has an ionizable acidic group, and in both cases, interaction with a cationic head group should be favorable. One slightly surprising result is the fact that G12-10-12, the most hydrophobic of the gemini, is not particularly effective as an enhancer for the most hydrophobic drug (ketoprofen), while G12-2-12 is significantly better.

The present results indicate that the enhancing effects for the gemini molecules are a result of a combination of mechanisms, probably disturbing the SC lipid organization but also promoting the transport of the more hydrophilic, and charged drugs.

Effects Upon the Skin and Cytotoxicity Studies {#Sec17}
----------------------------------------------

Potential effects on the skin and morphological changes caused by the use of the chemical penetration enhancers and formulations were evaluated by means of histology-light microscopy and SEM. By comparing the images from the untreated skin samples and images of skin treated with the CPE, it is observed that there are not relevant macroscopic differences concerning the integrity and cohesion between the skin layers (see Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Untreated (control) porcine skin pictures were captured using an optical light microscope at ×20 (**a**) and SEM at ×400 (**c**). The distinct skin layers can be observed: stratum corneum (*SC*), viable epidermis (*VE*), and dermis (**d**). The skin samples used in the permeation experiments that were previously pretreated with the CPE were also evaluated and compared. An example of skin pretreated with the Gemini 12-10-12 is depicted at **b** and **d**. The pretreated skin samples resemble untreated skin (control)

SEM studies were also performed in order to observe the occurrence of potential harmful effects caused by the use of CPE on the skin that could not be perceived using conventional light microscopy. It can be observed that some stratum corneum cells are naturally shedding, but it is seen both in the control and treated samples. Changes or damage to the skin structure caused by the CPE used that could result in permanent alterations or loss of integrity are not detected. These observations clearly contrast with a positive control in which the detachment of corneocytes is usually visible, as shown in previous work ([@CR41]).

Skin irritation is commonly defined as a reversible inflammatory reaction produced by the arachidonic acid cascade and cytokines in the viable skin cells like keratinocytes and fibroblasts.

The determination of the cytotoxicity of the CPE used in this work was carried out by exposing cultured HEK and HDF to various concentrations of the CPE, following the MTS assay protocol. MTT/MTS assay is generally regarded as a method that is able to provide a cost-effective, precise, and reproducible index of viability for skin cells and an alternative for skin irritation assessment ([@CR42]--[@CR44]). Unlike the skin tissue, the groups of cells cultured for the MTS assay is noticeably less complex in number and in cell types when compared to the skin tissue. Therefore, the results should be regarded as an indication of potential and relative toxicity and irritation of the compounds to the skin cells. Note that the concentration values used in the cytotoxicity assays are clearly below that used for the pretreatment of the skin. While the former values are established on the basis of the viability results, only a fraction of the latter reaches the viable regions of the skin.

Standard plots for HEK (*R*^2^ = 0.986) and for HDF (*R*^2^ = 0.978) were created based on the absorbance readings at 490 nm for 0, 2.000, 4.000, 6.000, 8.000, and 10.000 cells/well in order to ensure the linearity of the MTS assay method used. The results obtained in the MTS assay are displayed in Fig. [4](#Fig4){ref-type="fig"} (HEK on top and HDF on the bottom).Fig. 4MTS assay results for HEK (*top*) and HDF (*bottom*). The *bars* represent the cell viability (in percentage) for each permeation modifier and concentration tested (S1-160, S2-16, S3-1.6, S4-0.16, S5-0.016 μM). The error bars represent the standard deviation (*N* = 6)

As shown in Fig. [4](#Fig4){ref-type="fig"}, PG did not significantly reduce the viability of HEK when compared to the control (cells not subjected to any CPE exposure). Therefore, it can be assumed that the effect on the HEK viability is caused by the CPE and not by the vehicle where the CPE was incorporated. In opposite, when a concentration of 160 μM (S1) was applied to the cells it was observed that approximately 100% cell death occurred in all cases. The exposure to a concentration of 16 μM (S2) produced different results, depending on the CPE used. HEK showed higher tolerance to the presence of DTAB, than for any gemini surfactants used or Azone. It can also be concluded that concentrations of 1.6 μM or lower (S3, S4, and S5) are not considered harmful to the cells, as the cell viability is always close to 100%.

The results obtained with HDF demonstrated that HDF showed higher tolerance to the presence of the CPE than HEK, as the cell viability was respectively higher for the first and lower for the latter, for the same concentration of CPE employed.

PG exposure resulted in a slight reduction in HDF viability, yet not statistically significant from the control, as expected. CPE concentrations of 160 μM (S1) caused cell death in all cases except for gemini surfactant G12-2-12, where an approximately 60% of viability was observed. The presence of a concentration of 16 μM (S2) or lower of any penetration modifier did not cause a significant decrease in the HDF viability, except for enhancers G12-6-12 and G12-10-12. In both cases, cell viability was reduced in approximately 50% when HDF were exposed to a concentration of 16 μM (S2) and slightly less for a concentration of 1.6 μM (S3) only observed for G12-6-12.

A global analysis of the MTS assay results obtained with HDF suggests that the cytotoxicity of the gemini surfactants studied is dependent on spacer length. The compound with the shortest spacer, G12-2-12, was found to be less toxic to HDF when compared to the other gemini and, in fact, to all CPE. We recall that both electrostatic (head group charge density) and packing effects (spacer conformation and vertical positioning on the bilayer) may lie behind the structural perturbation of membranes that cause cytotoxic effects. A possible explanation for G12-2-12 effects in cultured HDF is that this gemini, as previously mentioned, may easily fit into the lipid bilayer structure more due to its cylindrical geometric shape (more akin to that of lipid molecules), thus causing less structural perturbation on the membrane. This effect, however, was not noticed in HEK, where DTAB was found to be the least destructive CPE, suggesting that for this cell line electrostatic effects (higher head group charge density for 12-2-12) may play a bigger role. Nevertheless, even for HEK, the shortest spacer gemini seems to be the least cytotoxic of all the Gemini compounds, and even a little more effective than Azone.

CONCLUSIONS {#Sec18}
===========

This work presents a systematic approach to the use of a series of gemini surfactants as permeation enhancers for drugs of varying hydrophobicity and belonging to different therapeutic groups. The gemini surfactant molecules differ only in the spacer length, comprising 2, 6, and 10 carbon atoms. It was observed that a maximal enhancing effect was achieved with the most hydrophilic and charged drug (lidocaine HCl). In this case, the gemini surfactant with the intermediate spacer length was the most effective. In contrast, for caffeine and ketoprofen, G12-2-12 was the most effective CPE. This suggests that this class of molecules promotes both SC perturbation and drug transport through the lipid barrier. It was also found that these compounds possess similar cytotoxic profiles to that of Azone and their direct use in the skin tissue did not determine significant morphological changes. They are, therefore, promising CPE candidates, essentially directed at permeation enhancing of hydrophilic drugs. Further tests should explore other types of gemini surfactants, such as those based on amino acids.
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